Abstract In a previous paper, we showed that nitrate reductase (NR; EC 1.6.6.1) from leaves of Ricinus communis L. differed from most other higher-plant NRs by an unusually strong Mg 2+ -sensitivity, a different pH-activity profile and only little ATP-dependent inactivation [A. Kandlbinder et al. (2000) J Exp Bot 51:1099-1105]. In order to elucidate these deviating properties in more detail, the NR gene from R. communis was cloned, expressed heterologously and characterized. The deduced protein sequence showed that Ricinus NR has a serine phosphorylation site and a 14-3-3 binding motif, a common characteristic of NRs. Functional Ricinus NR protein was expressed in the yeast Pichia pastoris and compared with the features of Arabidopsis thaliana NR2 synthesized by the same expression system (AtNR2). The recombinant Ricinus NR (RcNR) itself was not inactivated by incubation with MgATP. As yeast extracts might lack factors required for NR regulation, desalted leaf extracts containing NR kinases and 14-3-3 proteins were prepared from 4-day-darkened (and therefore NR-free) leaves of Ricinus, and added to the assay of RcNR to check for ATP-dependent inactivation and Mg 2+ -sensitivity. When RcNR was combined with the NR-free extracts described above, its unusually high Mg 2+ -sensitivity was restored, but it remained unresponsive to ATP. In contrast, AtNR2 became inactive when incubated with the protein mixture and ATP. Thus, insensitivity to ATP appears to be an inherent property of Ricinus NR, whereas the high Mg 2+ -sensitivity depends on one or several factors in Ricinus leaves. This as yet unknown factor(s) was boiling-sensitive and appeared to interact specifically with recombinant Ricinus NR to provide the Mg 2+ -sensitivity of the authentic leaf enzyme.
Introduction
Nitrate reductase (NR; EC 1.6.6.1), which catalyses the first step of nitrate assimilation, is a large metalloflavoenzyme that exists as a homodimer or homotetramer with a monomer mass of approximately 100 kDa. Each subunit consists of three functional domains, with each domain associated to a redox center or cofactor [FAD, heme-Fe and molybdenummolybdopterin (Mo-MPT) ] that transfers electrons from NAD(P)H to nitrate (Campbell and Kinghorn 1990; Solomonson and Barber 1990; Campbell 1999 Campbell , 2001 . It has been shown that extensive amino acid sequence similarities exist between each of the three functional regions of NR and other redox enzymes (Campbell and Kinghorn 1990; Solomonson and Barber 1990; Hoff et al. 1994; Crawford 1995; Campbell 1999 Campbell , 2001 ). The Mo-MPT-binding domain of NR is similar to the Mo-MPT-binding region of sulfite oxidase; the heme-Fe-binding domain is similar to the cytochrome b 5 (Cyt b 5 ) superfamily and the FADbinding domain is very like the NADH:Cyt b 5 reductase (for reviews, see Campbell 1999 Campbell , 2001 .
The regulation of NR includes both transcriptional and post-translational mechanisms. However, very little is known about regulatory promoter sequences or possible transcriptional factors involved in the control of higher-plant NR genes. It has been reported that a 2.7-kb region of the 5¢ flanking sequence of the Arabidopsis thaliana NR gene is sufficient to confer the light and the sucrose response (Cheng et al. 1992 ).
Further, a few examples about sequences necessary for nitrate-dependent transcription of Arabidopsis NR genes and light-and nitrate-responsive regions of the birch NR gene have been reported (Hwang et al. 1997; Strater and Hachtel 2000) . In spite of the limited information about the transcriptional regulation of NR genes, the modulation of NR activity by phosphorylation/dephosphorylation and 14-3-3 binding in the presence of divalent cations is well studied (for reviews, see Huber et al. 1996; Kaiser et al. 1999 Kaiser et al. , 2002 Kaiser and Huber 2001) . Therefore, in the presence of millimolar concentrations of free Mg 2+ , binding of 14-3-3 to phospho-NR inactivates NR. In these assays the remaining enzymatic activity represents that of the native free NR (NR act ). In contrast, with excess EDTA all NR forms are active and the measured activity reflects the total amount of NR (NR max ).
In previous studies, the activity of NR act in illuminated leaves from spinach, barley and pea was 50-80% of NR max (Glaab and Kaiser 1993; Lillo et al. 1996; Man et al. 1999) . However, NR from leaves of hydroponically grown Ricinus communis L. had a 10-fold lower NR act , while NR max was similar to that in spinach. In addition, Ricinus NR act was very low at pH 7.6, unlike the spinach NR, but much higher at a more acidic pH with a distinct maximum at pH 6.5. The lower Ricinus NR act was independent of daytime and nitrate nutrition, and varied only slightly with leaf age. Accordingly, the Mg 2+ -sensitivity of NR from Ricinus was strongly pH-dependent (increasing sensitivity with increasing pH), and as a result, the apparent activation state (NR act ·100/NR max ) of Ricinus NR varied dramatically with pH and Mg 2+ concentrations (Kandlbinder et al. 2000) . Thus, the regulatory properties of NR from R. communis appeared distinctly different from those of other NRs.
In recent years, yeasts were successfully used as expression systems for structural and regulatory studies of plant genes involved in nitrate assimilation. Fragments of NR were synthesized in bacteria and yeast (Hyde and Campbell 1990; Campbell 1992; Cannons et al. 1993; Cannons and Solomonson 1994; Shiraishi and Campbell 1995; Mertens et al. 2000) . Full-length tobacco NR was expressed in Saccharomyces cerevisiae using a modified galactose-inducible phosphoglycerate kinase promoter (Truong et al. 1991) . However, S. cerevisiae cannot provide the molybdenum cofactor (MoCo), which is essential for the function of NR. Moreover, Arabidopsis Nia2 cDNA has also been expressed in Pichia pastoris (Su et al. 1996 (Su et al. , 1997 , which has MoCo, but lacks endogenous NR.
Here we report about the molecular and physiological characteristics of Ricinus NR. The recombinant enzyme, heterologously expressed in P. pastoris, was used for comparison with the authentic plant enzyme and compared with the recombinant NR2 from Arabidopsis, which was expressed in the same system and belongs to NR enzymes regulated in a non-exceptional way.
Materials and methods

Plant material
Spinach (Spinacia oleracea L. cv. Polka F1; Seminis Vegetable Seeds Deutschland, Neustadt, Germany) was grown in soil culture in the greenhouse. The mean daylength was 11 h with supplementary illumination (HQi, 400 W; Schreder, Winterbach, Germany) at a total photon flux density of 250-400 lmol m )2 s )1 photosynthetically active radiation. Air humidity varied from 60 to 80%, and day/night temperature from 20 to 26°C and 16 to 22°C. The plants were fed with a commercial nitrate fertilizer. Seeds of the castor-oil plant (Ricinus communis L.; Busch Agrarhandel, Wu¨rzburg, Germany) were germinated in soil and grown in the greenhouse under the conditions mentioned above. Plants were used for experiments after about 5 weeks (if not mentioned otherwise).
Arabidopsis thaliana (L.) Heynh., ecotype Columbia (Lehle Seeds, Round Rock, USA) was grown in soil (Type P; Gebr. Hagera Handelsges, Sinntal-Jossa, Germany) and exposed to white light for 8 h per day at 160 lmol photons m )2 s )1
.
DNA and RNA isolation
Total RNA, for use as a template for cDNA synthesis, was isolated from the leaf tissue of nitrate-treated Ricinus plants using the Qiagen RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The procedure is based on the selective binding properties of a silica-gelbased membrane in a microspin column system. A specialized highsalt buffer system allows the binding of up to 100 lg of total RNA longer than 200 bp to the membrane. Plasmid DNA isolation is based on alkaline lysis of bacterial cells followed by selective precipitation of genomic bacterial DNA and proteins by lowering the pH. Plasmid containing Escherichia coli cells were grown and lysed with alkali. The cell debris and chromosomal DNA was precipitated with SDS and potassium acetate. After pelleting the debris the plasmid DNA was precipitated from the supernatant with isopropanol and the DNA resuspended in Tris-EDTA buffer.
Molecular cloning of Ricinus NR cDNA A Ricinus partial NR cDNA was amplified by reverse transcription-polymerase chain reaction (RT-PCR). For reverse transcription an 18mer oligo-dT oligonucleotide was used as the 3¢ primer. cDNA was synthesized from 1 lg of poly (A) + RNA with SuperScript II RNase H ) Reverse Transcriptase (Gibco BRL, Eggenstein, Germany) using the procedure detailed in the RETROscript kit for the first-strand synthesis (Ambion). For PCR amplification an oligonucleotide corresponding to the conserved sequence 5¢-ATTGGTGGAAGAATGGTAAAGTGG matching positions 898 to 921 of the potato Nia gene coding sequence (Harris et al. 2000) was selected as a 5¢ gene-specific primer. A 21mer oligonucleotide 5¢-CACGAACAATCTCTTTGGCAC corresponding to the Arabidopsis Nia1 gene at positions 1343 to 1363 was used as the 3¢ primer. Amplification was performed using an annealing temperature of 55°C. It produced a cDNA fragment of the expected size (ca. 440 bp based on the positions of the oligonucleotide sequence in the potato Nia gene sequence), which was subcloned into pCR II-TOPO vector (Invitrogen, Groningen, The Netherlands) for DNA sequencing.
DNA sequencing
Sequence information was obtained by the Sanger-Coulson method using the ''Thermo Sequence fluorescent labeled primer cycle sequencing-kit with 7-deaza-dGTP'' (Amersam Pharmacia Biotech, Freiburg, Germany). Software for the sequencing was Base Imagir 4.0 (Li-Cor, MWG-Biotech, Ebersberg, Germany). To compare the new sequences with already known entries the BLAST algorithms (Altschul et al. 1990 ) of NCBI (http://www.ncbi.nlm. nih.gov/BLAST/) were used. ClustalX and Genedoc software was used for sequence alignments.
Amplification of full-length Ricinus NR cDNA 5¢-RACE and 3¢-RACE (Rapid Amplification of cDNA Ends) were used to obtain the full-length Ricinus NR cDNA following the manufacturer's instructions (BD Biosciences Clontech, Heidelberg, Germany). 6 lg of total RNA was used for either SMART firststrand cDNA synthesis (5¢-RACE-Ready cDNA) or standard firststrand cDNA synthesis (3¢-RACE-Ready cDNA). After generating RACE-Ready cDNAs, 5¢-RACE and 3¢-RACE were performed with the Advantage 2 Polymerase Mix (BD Biosciences Clontech, Heidelberg, Germany). PCR reaction was performed by using gene-specific primers 5¢-TCTCTTTGGCACCAAGGAGGTCCA-3¢ for 5¢-RACE and 5¢-GCTGAAGCATGGTATAAGCCGG-3¢ for 3¢-RACE, respectively. DNA was amplified by 25 cycles of 94°C for 10 s, 68°C for 20 s and 72°C for 3 min in a PCR reaction.
NR expression system
Ricinus NR cDNA was inserted into the SacII and ApaI site of the Pichia pastoris expression vector pPICZ A (Invitrogen). The expression clone was transformed into P. pastoris strain GS115 by EasyComp Transformation, as described by EasySelect Pichia Expression Kit (Invitrogen, Groningen, the Netherlands). In the case of Arabidopsis NR2, NR cDNA was directly inserted into the EcoRI site of the P. pastoris expression vector pHILD2 (Invitrogen, San Diego, CA, USA) and the plasmid was transformed into the strain GS115 (Su et al. 1996) .
Growth media and conditions for selection of transformants were as described by the manufacturer (Invitrogen). Zeocin resistant transformants were selected. Cells expressing NR protein were identified as follows: To induce NR gene expression, which was driven by the alcohol oxidase promoter of P. pastoris, transformants were first grown in modified BMG(H) [Su et al. 1997 ; 1.34% (w/v) YNB, 1% (v/v) glycerol, 100 mM potassium phosphate (pH 6.0), 4·10
)5 % biotin, 0.2 mM sodium molybdate and w/o 4·10 )5 % histidine] to an OD 600 of 2-6. Cells were centrifuged and then resuspended in modified BMM(H) medium [1.34% (w/v) YNB, 0.5% (v/v) methanol, 100 mM potassium phosphate (pH 6.0), 4·10 )5 % biotin, 0.2 mM sodium molybdate and w/o 4·10 )5 % histidine] at an OD 600 of 1, and grown for up to 72 h. Methanol (0.5% v/v) and sodium molybdate (0.2 mM) were added to the culture every 24 h. After a 48-h induction period the cells were collected by centrifugation to an OD 600 of %20, frozen quickly in liquid N 2 and stored at )80°C until ready to assay.
Determination of NR activity in yeast cells (in vivo)
Pichia transformants were tested for expression levels. Aliquots of the cell culture were taken after 24 h induction. The NR activity was measured after suspending Pichia transformants (OD 600 =5) in 1 ml of 100 mM Hepes buffer (pH 7.3) containing 50 mM KNO 3 . After a 30-min incubation at 28°C, nitrite released to the medium was determined as described below.
Assay of NR activity in vitro
For plant NRs, leaf material from Ricinus and Arabidopsis was ground in liquid nitrogen and 1.5 ml (1.0 ml for Arabidopsis) of extraction buffer [100 mM Hepes (pH 7.6), 5 mM DTT, 10 mM MgCl 2 , 10 lM FAD, 10 lM sodium molybdate, 50 lM leupeptin, 2 mM Pefabloc, 0.02% casein, 0.5% polyvinylpolypyrrolidone (PVPP) and 0.05% BSA] was added to 0.5 g FW. In the case of spinach, 1.0 ml of extraction buffer (without 0.02% casein, 0.5% PVPP and 0.05% BSA) was added to 0.5 g FW. After grinding, the suspension was centrifuged at 13,000 rpm (Mikro24-48R centrifuge; Hettich, Tuttlingen, Germany) for 12 min at 4°C. The supernatant was desalted on Sephadex G25 spin columns (1.6 ml resin volume for 650 ll extract, 4°C) equilibrated with extraction buffer.
For recombinant NRs, frozen yeast cells (OD 600 of %20) were thawed on ice and resuspended in 500 ll extraction buffer containing 100 mM Hepes (pH 7.6), 5 mM DTT, 10 mM MgCl 2 , 0.3% Triton X-100, 10 lM FAD, 10 lM sodium molybdate, 50 lM leupeptin, 2 mM Pefabloc and an additional protease inhibitor cocktail (Roche, Mannheim, Germany). An approximately equal volume of glass beads (450-600 lm diameter; Sigma) were added. The mixture was vortexed 8 times using 1-min bursts followed by 1-min cooling periods. The crude extract was centrifuged at 13,000 rpm (Mikro24-48R; Hettich) for 12 min at 4°C.
The following assays were carried out with aliquots of the supernatant:
i. Determination of NR act : 100 ll of Pichia extract was mixed with either 100 ll of desalted darkened-leaf extract or extraction buffer. The mixture was incubated for 15 min at 24°C and then added to 800 ll reaction buffer [100 mM Hepes (pH 7.6), if not mentioned otherwise, 5 mM DTT, 10 mM MgCl 2 , 10 lM FAD, 10 lM sodium molybdate, 50 lM leupeptin, 2 mM Pefabloc, 5 mM KNO 3 and 0.2 mM NADH]. The reaction was carried out at 24°C. After 10 min the reaction was stopped by adding 125 ll zinc acetate (0.5 M).
ii. Determination of NR max : The procedure was carried out as described above, except that the reaction buffer contained 10 mM EDTA instead of 10 mM MgCl 2 .
Excess NADH was removed by 10 lM phenazine methosulphate (PMS) treatment. The colorimetric determination of formed nitrite was carried out as described previously (Hageman and Reed 1980) .
ATP-dependent inactivation in vitro
Leaf extracts Ricinus plants used in this experiment were 3 weeks old. All plants were illuminated at about 10 a.m. for 1 h before harvesting leaves. The compositions of extraction and reaction buffers are described above but all were adjusted to pH 7.3. 100 ll of the leaf extracts from Arabidopsis, spinach and Ricinus with or without 2 mM ATP plus 50 lM cantharidin were pre-incubated for 15 min at 24°C. Subsequently, 900 ll of reaction buffer containing either 10 mM MgCl 2 or 10 mM EDTA was added to the incubation mixtures. After a 5-min incubation, the substrates (5 mM KNO 3 and 0.2 mM NADH) were added and the reaction was carried out for 5 min (3 min for spinach leaf extracts). Nitrite was assayed as before.
Mixtures of recombinant NRs and NR-free leaf extract The desalted, NR-free extracts of Arabidopsis, Ricinus and spinach 4-daydarkened leaves were used in the in vitro inactivation assay. 100 ll of P. pastoris extracts containing either Arabidopsis NR2 or Ricinus NR were mixed with 100 ll of plant leaf extracts or extraction buffer. The mixture was then incubated at 24°C for 15 min without or with ATP (2 mM) plus 50 lM cantharidin in the presence of 10 mM MgCl 2 in order to inactivate NR. 800 ll of reaction buffer (10 mM Mg 2+ or 10 mM EDTA) was then added to the mixtures and incubated for 5 min. Thereafter, 5 mM KNO 3 and 0.2 mM NADH were added and the reaction was carried out for 10 min and nitrite was determined as before.
Protein determination
The protein content of the samples was determined with BCA reagent (Pierce, Rockford, IL, USA) and BSA as a standard which is based on the method of Smith et al. (1985) .
Results
Cloning and sequencing of Ricinus NR
A partial Ricinus NR cDNA was obtained by RT-PCR. Based on sequence comparison we chose two regions where the amino acid sequences are entirely identical in 10 different NR sequences. R. communis codon usage was subsequently used to back-translate these amino acid sequences into nucleotide sequences and for the design of sense primers. RT-PCR with an appropriate antisense primer yielded a cDNA fragment of the expected size (ca. 440 bp). This primary sequence information was used for obtaining the full-length Ricinus NR cDNA by rapid amplification of cDNA ends (RACE). Sequencing of the full-length cDNA clone revealed a length of 3,021 nucleotides. An open reading frame of 914 amino acids is encoded, starting with the sequence MAASV that is conserved throughout all higher-plant nitrate reductases (Miyazaki et al. 1991) except NRs from maize (Zea mays, MAA-V), Arabidopsis NR1 (MATSV) and Brassica napus (MATSV).
Analysis of the deduced amino acid sequence
Searching for the open reading frame of the Ricinus NR sequence against the conserved domain database with the RPS-BLAST program revealed that Ricinus NR can be divided into distinct functional domains that bind a molybdenum-pterin cofactor (MoCo), heme-Fe or FAD (flavin adenine dinucleotide) as in other higher plants (Fig. 1) . In Ricinus NR, the three prosthetic domains Mo-MPT, heme-Fe and FAD are located at amino acid positions 92-321, 536-612 and 661-768 and are composed of 230, 77 and 108 amino acids, respectively. The deduced amino acid sequence showed that Ricinus NR mRNA encodes a protein of 102.8 kDa with a high degree of similarity to NRs from other higher plants. The highest similarity was found to the NR amino acid sequence from winter squash (78% identity, 87% similarity), petunia (78% identity, 86% similarity), tomato (77% identity, 87% similarity) and tobacco (78% identity, 87% similarity). Moreover, Ricinus NR shared 75% identity (85% similarity) with Arabidopsis NR2 or spinach NR and 73% identity (84% similarity) with Arabidopsis NR1.
In contrast to the remaining sequence, the N-terminal regions of the NR sequences varied considerably. The Mo-MPT domain of Ricinus NR for example contains a cysteine residue (Cys-186) that is present in all eukaryotic NRs and is a part of a highly conserved region 183 TLVCAGNRRKEQNM 196 (Fig. 1) . This key residue has been proposed to provide a ligand to molybdenum in the MoCo binding region and is essential for NR activity (Barber and Neame 1990; Solomonson and Barber 1990; Garrett and Rajagopalan 1994; Garde et al. 1995; Su et al. 1997 ).
In the hinge region between the Mo-MPT and hemeFe domains, Ricinus NR possesses a conserved phosphorylation serine residue (Ser-526), which is within the 14-3-3 proteins' binding motif 523 KSVS*TP 528 (Fig. 1) . This confirmed the result from our previous immunodecoration experiment where peptide antisera against the sequence around serine 543 of the spinach NR crossreact with Ricinus NR (Kandlbinder et al. 2000) . Moreover, within the FAD domain, Ricinus NR possesses the motif 886 CGPPP 890 , characteristic for NADHspecific NRs (Scho¨ndorf and Hachtel 1995) . In NAD(P)H-NR forms such as those of barley and birch only two proline residues are present (CGPPA). It has been demonstrated that substitution of a proline by alanine in the birch NAD(P)H-NR greatly increased preference for NADH. In the case of Ricinus NR, we have tested whether the recombinant enzyme could utilize NADPH as the reductant and the result showed that the recombinant protein had no NADPH:NR activity (not shown).
Heterologous expression of RcNR in Pichia pastoris
The full-length cDNA of Ricinus NR was cloned in the pPICZA P. pastoris expression vector and integrated into the P. pastoris genome. The P. pastoris alcohol oxidase promoter, which is inducible by methanol and produces alcohol oxidase up to 30% of total soluble protein, was used to drive the expression of NR cDNA. P. pastoris transformed with the NR expression plasmid pPICZA-RcNR showed NR activity when induced with methanol, whereas P. pastoris containing only a control expression plasmid (pPICZA) had no such activity (Fig. 2) . The in vivo activity was compared with the recombinant Arabidopsis NR2 from the same system but using a different expression vector.
Modulation of NRs from plant leaves and recombinant NRs from yeast cells
NR from spinach and other plants can be rapidly inactivated in vitro in the presence of MgATP. This inhibition requires protein kinase and 14-3-3 proteins. Before investigating the recombinant NRs, we first compared the ATP-dependent inactivation of NR in extracts from illuminated leaves of Arabidopsis, spinach and Ricinus (Table 1) . Among these three plants, spinach NR was strongly inactivated by ATP, whereas Arabidopsis and Ricinus NRs were only 10-25% inactivated. The initial activation state (AS) of NR in illuminated Arabidopsis and spinach leaf extracts was 70% and 80%, respectively, but only 40% in Ricinus (also compare Kandlbinder et al. 2000) .
Having determined the response to ATP in the authentic plant NRs, Table 2 demonstrates that neither recombinant Arabidopsis NR2 (AtNR2) nor recombinant Ricinus NR (RcNR) alone could be inactivated by ATP in crude yeast extracts. This might indicate that no suitable kinases exist in P. pastoris extracts, because 14-3-3 proteins are common in yeasts and are able to bind to phosphorylated spinach NR in vitro (Moorhead et al. 1996) . Next, leaf extracts from NR-free plants were added to the recombinant NRs. Addition of Arabidopsis darkened leaf extracts (ADL) to AtNR2 showed about 5% of ATP-dependent inactivation. With spinach darkened leaf extracts (SDL), AtNR2 was inactivated to about 50% by MgATP. Addition of Fig. 1 Alignment of the deduced amino acid sequences. Amino acid sequences of Arabidopsis thaliana NR2 and spinach (Spinacia oleracea) NR were compared with Ricinus communis NR (GenBank accession number AF314093). Like other plant NRs, Ricinus NR consists of three prosthetic domains, which are marked by shading. The Mo-MPT domain with the nitrate-reducing site spans from 92 to 321, the cytochrome b domain from 536 to 612 and the FAD domain from 661 to 768. Identical sequences are indicated by a dash and gaps introduced for alignment purposes by a dot. Amino acids in the rectangle represent the 14-3-3 binding motif, where the phosphorylated serine residue is marked by an asterisk. A sequence involved in the character for an NADH:NR is underlined Ricinus darkened leaf extracts (RDL) to AtNR2, however, gave about 15% inactivation. The reasons for the observed differences among plant extracts in promoting NR inactivation are not clear yet. Eventually, the protein kinase activities in Arabidopsis, Ricinus and spinach leaves were different after the 4-day dark treatment. It has been shown, however, that the velocity of ATP-inactivation of purified spinach NR is similar when added to an NR-free spinach leaf extract or to an NRfree extract of ammonium-grown squash cotyledons (Glaab and Kaiser 1996) . Moreover, NR act and NR max of AtNR2 were increased when mixed with NR-free extracts from leaves, but the activation states were not changed much (Table 2 ).
In the case of the RcNR, only mixing with SDL gave a slight inhibition by MgATP. Surprisingly, the RcNR activity in the presence of Mg 2+ (NR act ) was dramatically decreased by incubation with RDL (with or without ATP) but not with SDL and ADL, whereas NR max remained similar. Hence, the activation state dropped remarkably only when RcNR was mixed with RDL and this low activation state was similar to that of the authentic leaf enzyme, and independent of ATP.
RcNR has a high Mg 2+ -sensitivity when mixed with NR-free extracts from Ricinus leaves at pH 7.6, but not at pH 6.5
In a previous study, NR in extracts from hydroponically grown Ricinus leaves showed different sensitivity to pH and Mg 2+ compared with spinach NR. NR act from spinach had a broad optimum between pH 6.5 and pH 7.5, whereas NR act from Ricinus had a distinct optimum around pH 6.5, and activity was very low at pH values above pH 7.3 (Kandlbinder et al. 2000) . According to these findings, we also tested the RcNR with regard to this unusual property. Figure 3 shows the time course of RcNR NR max and NR act alone or after addition of a desalted, NR-free leaf extract from Ricinus (RDL). In general, no Mg 2+ inhibition of the RcNR was observed without RDL. Incubation of RcNR with RDL at pH 6.5 increased both, NR max and NR act . However, at pH 7.6, the mixture of RcNR plus RDL gave almost the same Mg 2+ -sensitivity found with the authentic leaf extract. When AtNR2 was assayed under the same experimental conditions (pH 7.6), no such Mg 2+ inhibition was observed. Taken the 10-min reaction into account, the Mg 2+ inhibition caused by RDL incubation was about 60% (Fig. 3) , which is consistent Pichia transformed with NRs from either Arabidopsis (pHILD2-AtNR2) or Ricinus (pPICZA-RcNR) and the expression vector (pPICZA) were tested for NR activity in vivo. After incubation of the cell suspension (OD=5) with substrate (50 mM KNO 3 ), the nitrite content in the medium was visualised with Griess Reagent. Data are means ± SD from three experiments with the result shown in Table 2 . Apparently Ricinus leaves contain a factor that specifically interacts with RcNR, providing the properties of the native NR enzyme in leaves. We further tested whether the Mg 2+ -sensitivity factor was inactivated by boiling. Figure 4 shows that once the RDL was briefly boiled the effect on NR act was eliminated. However, the supernatant of the boiled RDL somehow activated the recombinant enzyme activities, both in Mg 2+ and EDTA. The same phenomenon also occurred with recombinant Arabidopsis NR2, indicating that this effect was not specific for Ricinus NR. Since the supernatant of the boiled RDL contains only lowmolecular-weight solutes, it will be interesting to find it out which component was stimulatory.
Discussion
Sequence analysis showed that Ricinus NR shares major similarities to other plant NRs. No drastic differences that might be considered responsible for the regulatory difference described previously for NR from Ricinus leaves (Kandlbinder et al. 2000) could be identified.
Expression of full-length Ricinus NR in Pichia pastoris resulted in a functional enzyme. However, the levels of protein produced are not detected in a Coomassiestained polyacrylamide-SDS gel, which is consistent with a recent result from Perdomo and co-workers (2002) . Activities obtained in vitro from the recombinant Ricinus NR (RcNR) and the same system expressing Arabidopsis NR2 (AtNR2) were 2-4 nmol nitrite per mg protein per min, which are also very similar to tobacco NR expressed in a nitrate-assimilatory yeast, Hansenula polymorpha (Perdomo et al. 2002) . Nevertheless, we also observed that the in vivo activity of RcNR is higher than that of AtNR2, in contrast to the in vitro activities (Fig. 2, Table 2 ).
In crude yeast extracts, RcNR lacked the high Mg 2+ -sensitivity typically observed for NR in crude extracts from Ricinus leaves at pH 7.3, and was not much different in that respect from AtNR2. However, as in leaf extracts, RcNR was hardly inactivated by pre-incubation with ATP.
Loss of the unusual Mg 2+ -sensitivity of Ricinus NR might have two causes: (i) factors contained in the yeast extract might interact with NR to render it Mg 2+ insensitive, or (ii) the yeast extracts lacked factors required for the high Mg 2+ -sensitivity. Our data suggest that the latter explanation is correct. Leaves from Ricinus, as from spinach, can be made virtually NR-free by exposing them to continuous darkness for 4 days. It has been shown previously that under these conditions, NR kinase(s), NR phosphatase(s) and 14-3-3 proteins are still present (Glaab and Kaiser 1996) . Addition of such Ricinus extracts from darkened leaves (RDL) almost fully restored the high Mg 2+ -sensitivity of the authentic leaf enzyme. Boiling of the extracts prior to addition prevented the restoration of Mg 2+ -sensitivity, indicating that the required factor was probably a protein. In conclusion, the unusual high Mg 2+ -sensitivity of Ricinus NR appears not to be an inherent property of the NR protein itself. Rather, it is the consequence of an as yet unidentified protein contained in Ricinus leaves that interacts with NR.
We do not know whether Ricinus NR and the unidentified protein are in contact within the intact leaf cells, or whether they are separated by subcellular compartmentation. In the latter case, the high Mg 2+ - Fig. 3a , b Effect of desalted crude extract from darkened Ricinus leaves (RDL) on NR max and NR act of recombinant Ricinus NR (RcNR). Reaction time for NR activity assays is as indicated. Vertical axis represents the nitrite formation. 100% corresponds to 22.1 and 21.5 nmol NO 2 ) per mg protein for pH 6.5 (a) and pH 7.6 (b). Data are means ± SD from three (pH 6.5) or four (pH 7.6) independent experiments Fig. 4 Effect of the supernatant from boiled, desalted crude extracts of NR-free Ricinus leaves [RDL(b)] on recombinant Ricinus NR (RcNR) at pH 7.6. The nitrite formation was given by relating to the nitrite content of the 10-min time point of RcNR (EDTA). Reaction time for NR activity assays and the symbol for each line as indicated. The means ± SD of three replicates are given sensitivity of Ricinus NR observed in leaf extracts would represent an artifact due to homogenization of the leaf cells for extraction. But on the other hand, addition of RDL to AtNR2 did not increase the Mg 2+ -sensitivity of the latter. Thus, the interaction of the above-mentioned protein factor from Ricinus leaves with RcNR appeared specific for RcNR, pointing to the probability of a natural, non-artificial interaction.
In addition to that, Ricinus leaf extracts apparently contained non-protein components that were able to increase both, NR max and NR act of RcNR. It is still unclear whether these components would abolish potentially negative effects of yeast compounds, or if they would directly interact with NR. The nature of these compounds is also unknown at present.
Another property of authentic Ricinus NR was its insensitivity to pre-incubation with ATP (Kandlbinder et al. 2000) , which contrasted sharply with the situation in spinach and other plants (Kaiser and Spill 1991; Huber et al. 1994) . Mixing AtNR2 (which, by itself, was also not inactivated by pre-incubation with ATP) with an NR-free spinach leaf extract resulted in significant inactivation of AtNR2 with ATP. In contrast, RcNR was never inactivated with ATP, either after addition of Arabidopsis leaf extract or Ricinus leaf extract ( Table 2 ). The conclusion is that this ATP-insensitivity is indeed an inherent property of Ricinus NR.
As deduced from the sequencing data, Ricinus NR has a normal phosphorylation site in hinge 1. Consequently, lack of ATP-inactivation in a mixture of RcNR and leaf extracts may either reflect absence of a specific protein kinase activity, or a lack of specific 14-3-3 proteins. It has been shown previously that Ricinus leaves do contain 14-3-3 proteins (Kandlbinder et al. 2000) , and so do yeast cells (Van Heusden et al. 1992; Gelperin et al. 1995) . Addition of recombinant 14-3-3, which efficiently inactivates phospho-NR from spinach, did not affect RcNR activity at all (not shown). Altogether, the unknown protein factor that renders RcNR Mg 2+ -sensitivity is most probably not a 14-3-3 protein, neither does the high Mg 2+ -sensitivity appear to be related to NR protein phosphorylation.
In summary, our original conclusions that Ricinus NR has some unusual properties are confirmed by the above presented data. It seems obvious that the insensitivity to ATP is not due to the absence of the regulatory phosphorylation site nor to a lack of 14-3-3 proteins, but to some as yet unidentified structural deviations in the less well conserved parts of the protein. Interestingly, it has been shown that a tobacco NR with an internal deletion of 56 amino acids in the N-terminal domain is no longer inactivated by MgATP (Nussaume et al. 1995) . Therefore, we speculate that the N-terminus may seem a suitable candidate for the insensitivity to ATP observed in Ricinus NR. However, additional experiments have to be conducted before final conclusions can be drawn.
Moreover, Ricinus leaf cells contain a protein factor that appeared to interact specifically with Ricinus NR to provide the unusual pH and Mg 2+ responses. More investigations are required to identify the structural components in the RcNR protein that are responsible, to identify the protein factor and also to elucidate the physiological background and ecological consequences of these extraordinary regulatory properties.
